During epithelial sheet formation, linear actin cables assemble at nascent adherens junctions. This process requires α-catenin and actin polymerization, although the underlying mechanism is poorly understood. Here, we show that formin-1 interacts with α-catenin, localizes to adherens junctions and nucleates unbranched actin filaments. Furthermore, disruption of the α-catenin-formin-1 interaction blocks assembly of radial actin cables and perturbs intercellular adhesion. A fusion protein of the β-catenin-binding domain of α-catenin with the actin polymerization domains of formin-1 rescues formation of adherens junctions and associated actin cables in α-catenin-null keratinocytes. These findings provide new insight into how α-catenin orchestrates actin dynamics during intercellular junction formation.
Although puncta are sites of active actin polymerization 23 , it is not clear how the radial actin cable assembles. Vasp and Mena proteins localize to puncta and are necessary for cell-cell adhesion 23 , and although they do not nucleate actin polymerization, they elongate pre-existing F-actin by competing with inhibitory cap proteins for barbed ends 28 . Arp2/3 binds E-cadherin and could be involved in actin dynamics at puncta 29 , but the linear nature of radial actin cables seems more compatible with behaviour attributed to formins. Although experiments with mutant forms of mDia1 suggest a potential role for formins 30 , endogenous formins have not been localized to sites of cell-cell adhesion. Whatever the underlying mechanism, conditional gene targeting studies identified an essential role for α-catenin in radial actin cable formation and in stabilizing adherens junctions to assemble epithelial sheets 23, 31 .
Here, we used the yeast two-hybrid system to analyse in more detail the mechanism governing radial actin cable formation at adherens junctions. We identify and characterize formin-1, the founding member of the formin superfamily 13 , as a novel binding partner for α-catenin. In addition, we demonstrate that formin-1 can nucleate the polymerization of unbranched actin filaments in vitro and can function in vivo in α-catenin-dependent, radial actin cable formation.
RESULTS

Formin-1 interacts with α-catenin
To preserve the tertiary structure of α-catenin , a yeast two-hybrid screen of newborn mouse skin cDNAs was performed using full-length α-catenin cDNA as bait. Previously known interaction partners, including β-catenin and plakoglobin, were identified (Fig. 1a) . In addition, two independent clones encoding formin1 gene products were identified. Formin-1 is known to be mutated in limb deformity (ld/ld) mutant mice [36] [37] [38] .
One of the two clones encoded sequences previously reported in the formin-1 isoform, formin-1 (IV) 39 (amino acids 453-600; Fig. 1b) .
The other encoded a segment (amino acids 8-262) of a novel isoform, formin-1 (V). Both formins interacted with α-catenin irrespective of which was used as bait (linked to the Gal4 binding domain; BD) and which was screened (linked to the Gal4 activation domain; AD; Fig. 1a , shown are data for bait). RT-PCR confirmed the presence of formin-1 (I), (IV) and (V) mRNAs (Fig. 1c) , but not formin-1 (II) and (III) mRNAs (data not shown), in skin and cultured keratinocytes. Northern blot analyses identified formin-1 (IV) as the most abundant isoform in keratinocytes, as it is in limb bud ectoderm 38 . As formin-1 (V) represents a novel isoform, the transcript was isolated and characterized. Unique amongst the formin isoforms, formin-1 (V) contains an in-frame start codon within exon 3. Thereafter, it is identical to formin-1 (Ib), which possesses exons 5, 7-16 and 18-24 (ref. 38) .
All of these isoforms possess exons encoding the FH1 (exon 9) and FH2 (exons 13-16 and 18) domains required for nucleating actin polymerization (Fig. 1b) 20 . Formin-1 (IV) differs from formin-1 (V) in that the coding sequence starts within and encompasses exon 6, which contains the FH3 domain, part of which may be involved in regulating formin activity 20 . Taken together, these data extend the expression pattern of formin-1 (IV) mRNA to skin, identify a novel formin-1 mRNA and provide a potential link to α-catenin, which might be relevant in understanding its essential role in actin cable formation.
Formin-1 localizes to adherens junctions in an α-catenindependent manner
To address whether the formin-1-α-catenin association is physiologically relevant, immunofluorescence microscopy was performed on skin from wild-type mice and mice conditionally null for α-catenin (Fig. 2) 31 . Staining with an anti-formin-1 (IV) antibody identified formin-1 in both the dermis and epidermis (Fig. 2a, a′) . In epidermis, formin-1 localized to the cytoplasm and to cell-cell borders. Significantly, the localization of formin-1 to cell-cell borders was perturbed in α-catenin-null epidermis (Fig. 2b, b′) . In cultured wild-type keratinocytes, formin-1 antibodies exhibited a distinctive punctate staining at developing cell-cell contacts (Fig. 2c ). Punctae were characteristic of nascent adherens junctions 23 and colocalized with staining for α-catenin (data not shown) and vinculin. Antiformin-1 also labelled F-actin bundles radiating from punctae (Figs 2d, j). At later stages, anti-formin-1 localized along cell-cell borders (Figs 2e, k), typical of the linear staining patterns of antibodies against classical adherens junction proteins.
In the absence of α-catenin, keratinocytes exhibited few cell-cell junctions or radial actin cables, as revealed by antibodies against formin-1 (IV) or adherens junction proteins (Fig. 2f-h) 23 . Even densely plated α-catenin knockout cultures treated with calcium for 24 h failed to undergo actin organization and lacked (a) Fulllength α-catenin linked to the Gal4 DNA-binding domain (BD) was used as bait to isolate proteins consisting of the Gal4 activating domain (AD) fused to sequences encoded by mouse skin cDNAs. Note specific interactions between α-catenin and two of its known interacting proteins, β-catenin (β-cat) and plakoglobin (pg), both of which were identified in the screen. Additionally, two clones encoding portions of formin-1 isoforms were identified: formin-1 (IV), a previously identified isoform, and formin-1 (V), a novel isoform. (b) A schematic representation of formin-1 isoforms. Formin-1 (Ia, Ib, II, III and IV) have been reported 38 . Formin-1 (V) was sequenced in its entirety. The sequences encoded by the two interacting clones are underlined, with their corresponding amino-acid residues indicated. FH, formin homology; cc, coiled-coil domain. (c) RT-PCR analysis to detect mRNAs encoding specific formin-1 isoforms in keratinocytes cultured from α-catenin conditional null (knockout) and wild-type mouse skin cultures, and in vivo skin from E13.5, E15.5 and newborn (NB) animals. GAPDH was used as a positive control. Bands specific for isoforms I, IV and V were detected and were of the predicted sizes. If at all present, mRNAs encoding isoforms II and III were expressed at levels below the limits of detection.
(d) Northern blot analyses of the mRNA expression patterns of formin-1 isoforms in cultured keratinocytes and whole skin from wild-type and knockout mice.
cell-cell border labelling ( Fig. 2h ). These aberrations in formin organization seemed to be selective, as the overall actin cytoskeleton was still largely intact ( Fig. 2l-n) . Thus, there is a distinct correlation between the presence of α-catenin at adhesion zippers, the formation of radial actin cables and the localization of formin-1 at these sites.
Specific domains of formin-1 and α-catenin are necessary for epidermal sheet formation Co-immunoprecipitation analysis was used to address whether formin-1 and α-catenin associate directly, and to further define the interaction (Fig. 3) . The cytomegalovirus (CMV) promoter was used to drive transient expression of c-Myc-tagged α-catenin and Flag-tagged formin-1 Figure 2 The localization of Formin-1 is dependent on α-catenin. (a, b) Skin from wild-type and α-catenin knockout E18.5 mouse embryos were labelled with monospecific antibodies against formin-1 (IV) and either β4 integrin, to mark the epidermal (epi)-dermal (de) boundary (a, b), or E-cadherin, the transmembrane component of adherens junctions (a′, b′). Note cell-cell border staining in wild-type epidermis, but a more diffuse staining pattern in knockout epidermis. Some anti-formin-1 (IV) labelling was also detected in dermal cells. (c-n) Wild-type and α-catenin-null (KO) keratinocytes were cultured at high density overnight from the skins of newborn mice. At time zero, calcium was added to induce cell-cell adhesion, and at the times indicated thereafter. Cells were fixed before immunofluorescence staining with phalloidin, or antibodies against formin-1 (IV) or vinculin (Vinc), as indicated. After 8 h, adherens junctions are organized into distinctive rows of puncta (adhesion zippers), each with an associated radial cable of actin. After 24 h, an epithelial sheet has formed, with uniform adherens junction labelling at cell-cell borders. Note that formin-1 antibodies localize to puncta, radial actin cables and mature cell-cell borders. Note that formin-1 organization is perturbed in the absence of α-catenin, as are radial actin cables and adherens junctions. Notably, however, the overall actin cytoskeleton is largely intact in the knockout keratinocytes. Scale bars represent 10 µm. The middle panel shows CMV-driven expression of Flag-tagged ∆C-formin-1 (IV) and ∆C-formin-1 (V). The bottom panel shows CMV-driven expression of GFP-tagged formin-1-cc (142 amino acids). 48 h after transfection, protein extracts were subjected to immunoprecipitation (IP) with the indicated antibodies. Total protein lysates (input) and immunoprecipitated products were analysed by western blotting. Co-expressed transgenes were always expressed at reduced levels relative to singly expressed transgenes. (b) Wildtype and α-catenin-null (KO) keratinocytes expressing CMV-formin-1-cc were either treated with high levels of calcium (right panels) or left untreated (left panels). Cells were then analysed by indirect immunofluorescence microscopy. Scale bar denotes 10 µm. (c) The top panel shows a schematic representation of the structural domains of α-catenin [32] [33] [34] [35] . β-cat-BD, β-catenin-binding domain; DimD, dimerization domain; Vin/α-actBD, vinculin-and α-actinin-binding domains; AdhModD, adhesion modulation domain; Z01/Vin/α-act-BD, Z01-, vinculin-and α-actinin-binding domains. Each domain was Myc-tagged and expressed transiently with ∆C-formin-1 (IV). Immunoprecipitation and western blotting were performed as in a. Only the vinculin/α-actinin domain of α-catenin associated specifically with ∆C-formin-1 (IV). (d) Primary keratinocytes were lysed and subjected to anti-α-catenin immunoprecipitations. Samples were analysed by SDS-PAGE and western blotting with anti-formin-1 (IV) or anti-α catenin antibodies. Total lysates from wild-type and knockout keratinocytes were also subjected to anti-formin-1 (IV) western blotting.The formin-1 (IV) antibody is highly specific and detects a single band.
in COS epithelial cells. Both ∆C-formin-1 (IV) and ∆C-formin-1 (V) formed a complex with α-catenin that could be immunoprecipitated with antibodies against the Flag or c-Myc epitopes (Fig. 3a) . A 142-amino-acid overlap between these interacting segments defined the α-catenin-binding domain (α-cat-BD). This site encompasses the coiled-coil domain between the FH3 and FH1 domains, is present in isoforms Ia, Ib, IV and V, and is sufficient to maintain the formin-1-α-catenin interaction.
To assess whether the formin-1-α-catenin interaction occurs at cell-cell junctions, GFP-formin-1-cc (α-cat-BD) was expressed in wild-type and α-catenin-null keratinocytes (Fig. 3b) . This fragment localized to cell borders only in the presence of elevated calcium (for 24 h) and α-catenin. Immunoprecipitation analysis verified that this interaction also occurs between full-length formin-1 isoforms found naturally in epidermal keratinocytes. Anti-α-catenin coprecipitated endogenous formin-1 (IV), as demonstrated by western blotting with an anti-formin-1 (IV)-specific antibody (Fig. 3d) . Coprecipitation was dependent on the presence of endogenous α-catenin, as formin-1 (IV) was not detected in α-catenin-null lysates.
To define the formin-1-binding site of α-catenin, we engineered a series of Myc-tagged vectors that each encode a known structural domain of α-catenin [32] [33] [34] [35] (Fig. 3c) . Each construct was transiently co-expressed with Flag-tagged ∆C-formin-1 (IV) in COS cells before anti-Myc immunoprecipitation and anti-Flag western blotting. Of the five major domains, only the vinculin/α-actinin-binding site (amino acids 300-500) exhibited specific interactions with ∆C-formin-1 (IV) (Fig. 3c) .
Formin-1 nucleates polymerization of unbranched actin filaments
To assess whether formin-1 participates in the polymerization and formation of radial actin cables at nascent junctions, we first tested whether formin-1 stimulates unbranched F-actin assembly in vitro. Five glutathione S-transferase (GST) fusion proteins were generated and purified (Fig. 4a) : Formin-1 (FH1-FH2) encompasses the carboxy-terminal FH1 and FH2 domains common to all isoforms; formin-1 (Ld-mut) is similar to formin-1 (FH1-FH2), except that it is C-terminally truncated to reflect a severe formin-1 mutation found in limb deformity mutant mice (ref. 38); formin-1 (∆FH2) completely lacks the FH2 domain; ∆C-formin-1 (IV) encompasses the FH3 domain and the α-catenin-binding (coiled-coil, cc) domain; α-cat contains the full length α-catenin coding sequence. Western blot analyses enabled quantification of protein concentration and verified that the proteins were stable and of the predicted size (Fig. 4b) . Varying amounts (10-200 nM) of formin-1 (FH1-FH2) were exposed to 4 µM purified actin 1 . A fluorimeter was then used to measure the increase in pyrene-conjugated actin (10% of pyrene-G-actin) that occurs as a result of polymerization. Formin-1 (FH1-FH2) enhanced the rate of actin polymerization markedly over that which occurs spontaneously under these conditions (Fig. 4c) . The polymerizing activity of the formin-1 FH1-FH2 C-terminal segment was dosedependent (Fig. 4c) , and its ability to stimulate polymerization increased with initial G-actin concentration (Fig. 4d) .
A role for formin-1 (FH1-FH2) in barbed-end filament growth was strengthened by further observations. First, treatment with 200 nM formin-1 (FH1-FH2) inhibited barbed-end depolymerization when F-actin was diluted to 0.1 µM; that is, below the critical concentration required for polymerization at the barbed end 40 (Fig. 4e) . Moreover, the protective features of formin-1 were concentration-dependent. Second, treatment with cytochalasin D, an inhibitor of barbed-end growth 41 , reduced the stimulatory effects of formin-1 (FH1-FH2) (Fig. 4f) . In contrast, profilin, which blocks spontaneous nucleation and specifically inhibits pointed-end growth 10 , only reduced formin-1 (FH1-FH2) nucleation by ~10% (Fig. 4f) . The ability of formin-1 to utilize profilin-bound G-actin suggests that it can enhance F-actin polymerization under physiological conditions. Interestingly, formin-1 (Ld mut) stimulated F-actin polymerization in vitro (Fig. 4f) . By this criterion, the ld/ld phenotype in mice seems to be caused by defects that go beyond the ability of formin-1 to stimulate actin polymerization. Removal of the entire FH2 domain abolished the stimulatory effects of formin-1 (Fig. 4f) , as previously observed for yeast formin FH2 (refs 6, 8, 10 and 11) . The effects of formin-1 seemed to be specific for nucleation, rather than elongation, as pre-polymerized filaments seemed to be unaffected by formin-1 (data not shown).
Diaphanous formins contain self-interacting domains within their N-and C-terminal segments 11 . In this regard, it is interesting that ∆C-formin-1 (IV) inhibited the actin nucleation activity of formin-1 (FH1-FH2) (Fig. 4f) . Additionally, co-immunoprecipitation analysis suggested that the N-and C-terminal domains of formin-1 (IV) interact (data not shown). In contrast, the distinctive N-terminal segment of formin-1 (V) did not exhibit N-C-terminal associations or inhibit F-actin under these conditions. α-Catenin did not rescue the negative effects of ∆C-formin-1 (IV) on actin assembly (Fig. 4f) , indicating that α-catenin itself does not mediate this autoregulation. Whether Rho GTPases are involved in the underlying mechanism is unknown, although they regulate the process in other formins and have also been implicated in adherens junction formation 11, [21] [22] [23] [24] [25] [26] [27] .
To evaluate further the effects of formin-1 (FH1-FH2) on nucleation of F-actin assembly and to assess its ability to promote linear actin cable formation, we used fluorescence and electron microscopy to examine the actin polymers produced in the presence and absence of profilin and formin-1. In the absence of formin-1, 4 µM actin yielded a small number of long filaments (18 ± 0.5 µm) after exposure to polymerization buffer for 10 min (Fig. 4g) . In contrast, addition of 20-100 nM formin-1 resulted in >15-fold increase in the number of filaments, which on average were shorter (2 ± 0.2 µm; Fig. 4h, i) . Filament numbers increased in a dose-dependent manner as the concentration of formin-1 (FH1-FH2) increased, supporting a role in nucleation. Addition of profilin increased polymer length (4 ± 0.5µm), in support of barbed-end polymerization (Fig. 4j) . Notably, actin polymers werẽ 8 nm (typical for uranyl acetate staining) and unbranched (Fig. 4k, l) . Taken together, these results provide compelling evidence that formin-1 can nucleate the assembly of linear F-actin.
Formin-1 α-cat-BD disrupts radial actin cable assembly at nascent cell-cell junctions
To further examine the role of formin-1 on the actin dynamics required for adherens junction formation, we overexpressed a green fluorescent protein (GFP)-∆C-formin-1 (IV) fusion protein, which encompasses α-cat-BD, but lacks FH1-FH2 (Fig. 5a ). As a negative control, we generated ∆C-∆cc-formin-1 (IV), a mutant similarly truncated at the C terminus but which lacks α-cat-BD. To check for formin specificity, ∆C-mDia1 was used, which contains the FH3 and coiledcoiled segments of the Diaphanous formin, mDia1 (ref. 30 ). In contrast to ∆C-formin-1 (IV), ∆C-mDia1 did not form a complex with Myc-α-catenin when expressed at comparable levels in COS cells (Fig. 5b) . Additionally, the sequence identity between α-cat-BD from formin-1 (IV) and the corresponding segment of mDia1 was only 19%.
Epidermal sheets of primary keratinocytes are polarized, with apical honeycomb-like cell-cell junctions (see Fig. 2e , k, for example). Transient expression of ∆C-formin-1 (IV) in keratinocytes allowed visualization of this architecture by epifluorescence microscopy. Wherever both neighbouring cells expressed this ∆C-formin-1 (IV), cell-cell junctions were markedly and specifically disrupted at the border (Fig. 5c, d) . Addition of an anti-formin-1 antibody or antibodies against known adherens junction markers, including β-catenin, α-catenin, vinculin and Vasp, failed to localize to the shared borders of these non-adhering cells (data not shown). In contrast, cell-cell adhesion between a transfected and untransfected cell seemed to be unperturbed ( Fig. 5c ; irregularities at some cell-cell borders reflect extensive lamellipodial ruffling in these cultures 11 ).
Phalloidin labelling revealed an intact actin cytoskeleton in most transfected cells exposed to ∆C-formin-1 (IV) (Fig. 5d) , and is consistent with the lack of profilin and actin polymerization domains in this mutant. Notably, however, at earlier times during adhesion, radial actin cables were often perturbed at the cell-cell junctions of two transfected cells (data not shown). In cases where only one cell was transfected, puncta and radial actin cables were restricted to the untransfected cell of the pair (Fig. 5e, see inset) .
The behaviour of mixtures of wild-type and ∆C-formin-1 (IV)-expressing cells was strikingly similar to that observed with mixtures of wild-type and α-catenin-null keratinocytes 23 . In both cases, the effects on the actin network seemed to be selective rather than global.
Moreover, the perturbations caused by ∆C-formin-1 (IV) were dependent on its ability to interact with α-catenin. Thus, cells that expressed ∆C-∆cc-formin-1 (IV) still exhibited cell-cell border staining with an anti-E-cadherin antibody (Fig. 5f, g ) and still displayed radial actin cables at puncta (Fig. 5h) . Similarly, overexpression of ∆C-mDia1 did not affect the junctional localization of E-cadherin and α-catenin (Fig. 5i, j) , and radial actin cables still formed in these transfected cells (Fig. 5k) .
Overall, these findings suggest that: first, ∆C-formin-1 (IV) contains an α-catenin-binding domain that is not conserved in its cousin mDia1; second, this domain disrupts cell-cell junction formation by perturbing the assembly of radial actin cables at nascent adherens junctions, rather than by gross perturbations of the actin cytoskeleton. The data support our earlier finding that radial actin cables at one of two sides of an adhesion zipper are sufficient to form cell-cell junctions and epithelial sheets 23 .
If the ability of α-catenin to recruit formin-1 is key to orchestrating actin dynamics during adherens junction formation, then recruitment of the formin-1 FH1-FH2 C-terminal domain to E-cadherin-β-catenin complexes might rescue cell-cell junction formation in α-catenin-null keratinocytes. To test this possibility, we constructed GFP-β-cat-BD-(FH1-FH2). For this experiment, three additional GFP-tagged proteins were also engineered as controls: full-length α-catenin, FH1-FH2 and β-cat-BD (FH1) (Fig. 6a) . Anti-GFP western blotting confirmed that the expressed proteins were stable and migrated at the predicted size (Fig. 6b, left) . When expressed in keratinocytes, β-cat-BD (FH1-FH2) and β-cat-BD (FH1) co-immunoprecipitated with anti-β-catenin (Fig. 6b, right) .
As noted previously 23 , α-catenin-null keratinocytes yield only small infrequent patches of anti-E-cadherin staining at cell borders (Fig. 6c,  arrows) , even after 24 h in high-calcium medium. However, when α-catenin-GFP was expressed, lines of anti-E-cadherin were observed between neighbouring cells (Fig. 6d) . GFP-α-catenin also rescued radial actin cable formation at earlier times after the calcium switch (data not shown).
In contrast to α-catenin, the actin polymerization (FH1-FH2) domains of formin did not rescue formation of nascent adherens junctions, radial actin cables or epithelial sheets (Fig. 6e, f) . This was true even when cells made direct contact with one another and when both cells expressed the transgene (compare Fig. 6f with 6d) . Interestingly, however, these features could be rescued by comparable expression of β-cat-BD (FH1-FH2), which targeted formin-1 actin polymerization domains to developing adherens junctions (Fig. 6g, h ). Although the rescues were not complete, they were significant given that they occurred in transiently transfected cells and in the absence of α-catenin. Moreover, efficient rescue was dependent on the actin polymerization domain, as judged by the marked difference in cell-cell border localization of anti-E-cadherin in keratinocytes transfected with β-cat-BD (FH1) (Fig. 6i) .
In wild-type, but not α-catenin-null, keratinocytes, Vasp and Mena localized to E-cadherin-mediated cell-cell junctions 23 (Fig. 6j, k) . Notably, in β-cat-BD (FH1-FH2)-transfected α-catenin-null cells, an anti-Vasp antibody labelled cell-cell borders (Fig. 6l) . As α-catenin was absent, this finding identifies an ability of formin-1 to localize Vasp to cell-cell junctions. Whether this association is direct or indirect, and whether it is exclusively governed by formin-1, are intriguing questions beyond the scope of this study.
Finally, whereas the morphology seemed unchanged in the brightest GFP-β-cat-BD (FH1)-expressing knockout cells, the brightest GFP-β-cat (FH1-FH2)-and GFP-(FH1-FH2)-expressing knockout cells often extended exaggerated membrane protrusions and displayed dense Pyrene-actin polymerization assays. 10% pyrene-labelled rabbit muscle actin (Cytoskeleton, Denver, CO) in G-buffer (0.02 mM CaCl 2 , 0.5 mM Tris-HCl at pH 8.0 and 0.02 mM ATP) was centrifuged at 150,000g for 30 min before use to remove any polymerized material/debris. Pyrene-actin (0-4 µM) was then combined with 10-200 nM formin-1-derived constructs in G buffer. Polymerization was induced by addition of actin polymerization buffer (12.5 mM KCl, 0.5 mM MgCl 2 and 0.025 mM ATP) and pyrene fluorescence was monitored with a PolarStar (BMG) fluorimeter (Oftenburg, Germany; excitation at 365 nm, emission at 407 nm).
For the actin depolymerization assay, pre-assembled actin filaments were incubated with formin-1-derived constructs or treated with cytochalasin D for 5 min. Depolymerization was induced by dilution in F-buffer (G-buffer containing 1× actin polymerization buffer) and pyrene fluorescence was monitored. Inhibition of F-actin elongation with cytochalasin D was assessed by observing pyrene fluorescence of 4 µM actin (10% pyrene-labelled) combined with GST-formin-1-FH1-FH2 (200 nM) ± 100nM cytochalasin D in polymerization buffer.
For epifluorescence microscopy of F-actin, polymerization products were labelled with rhodamine-phalloidin (Sigma) 10 , applied to coverslips coated with poly-L-lysine and analysed (Axiovert 200M; Zeiss, Thornwood, NY). For ultrastructural analysis, aliquots from the reaction were spotted onto carbon-and formvar-coated grids, negatively stained with 1% aqueous uranyl acetate and examined at 80 kV on a Tecnai G2 12 transmission electron microscope (Hillsboro, OR).
Preparation of primary keratinocytes. Primary keratinocytes were cultured from newborn mouse skin as described previously 23 . Cells were seeded on glass coverslips with grid (Eppendorf, Hamburg, Germany) or permanox slides coated with poly-L-lysine, collagen I and fibronectin. After 24 h, attached cells were transfected with Fugene (Roche). After a further 24 h, adherens junction formation was induced by increasing the CaCl 2 concentration from 0.05 mM to 2 mM for either 2.5-8 h (puncta) or 24 h (epithelial sheet formation), followed by fixation and staining.
Immunofluorescence microscopy. Cells were fixed in 4% formaldehyde/PBS for 10 min before double indirect immunostaining 23 and viewing with an Axiovert 200M microscope (Zeiss) or LSM 510 confocal microscope (Zeiss). Primary antibodies used were raised against E-cadherin (Zymed, San Francisco, CA), β-catenin , α-catenin, vinculin, α-actinin (Sigma), Vasp (M4; Alexis, San Diego, CA) and formin IV (a gift from L. Cantley, Yale University, School of Medicine). Phalloidin-TRITC (Sigma) was used to visualize filamentous actin. Unless stated, dilutions were according to the manufacturer's recommendations. Fluorescently conjugated secondary antibodies were from ImmunoResearch (West Grove, PA).
Note: Supplementary Information is available on the Nature Cell Biology website.
